ABSTRACT Under grid-voltage dips, there exist dc and negative sequence components in the stator and rotor flux of doubly-fed induction generator (DFIG). As a result, higher transient overcurrent is generated in the rotor. To enhance the low-voltage ride-through (LVRT) ability of the DFIG, a synchronous flux weaken control strategy with flux linkage prediction is proposed to suppress the transient overcurrent. In the proposed control strategy, the deadbeat predictive control is used to realize rapid synchronization and weak interaction between the stator and rotor flux by flux linkage prediction under grid-voltage dips. A series of research is carried out on a typical 1.5-MW DFIG system, and comparisons are made with the LVRT control strategy based on proportional-resonant (PR) controller to validate the proposed control strategy. The results indicate that the proposed control strategy is effective in suppressing overcurrent in the stator and rotor and reducing oscillations in torque, which largely improves the performance of the DFIG during grid-voltage dips.
I. INTRODUCTION
In recent years, extensive research has been focused on wind power generation [1] , [2] . Wind turbines based on doublyfed induction generator (DFIG) is widely adopted in the wind market due to its variable speed constant frequency ability and excellent speed regulation performance [3] - [5] . For DFIG, the capacity of the power converter is only 30% of that of the generator, which reduces the cost of the system. However, the power converter with small capacity is not beneficial for the low-voltage ride-through (LVRT) control. This is a great challenge for the further development of DFIG during grid voltage dips.
DFIG is very sensitive to the grid disturbance especially to grid dips as the stator windings are directly connected to the grid. The control of DFIG is realized by PWM converter which is directly connected to the rotor. Due to the small capacity and weak control ability of the PWM converter, the suppression of the fault overcurrent is limited. Currently, a possible way to enhance the LVRT capability is the installation of a crowbar across the rotor terminals. With the release of energy through the bypass protection resistance, the rotor current is reduced and LVRT during grid dips is implemented [6] , [7] . However, a large amount of reactive power is consumed from the grid as the DFIG behaves like a general induction generator, leading to further degradation of grid faults [8] , [9] . Besides, the hardware cost is increased. During grid voltage drops, the mathematical model of the DFIG is established in positive and negative synchronous reference frame [10] . According to the difference of the control targets, positive and negative sequence decomposition of the variables is conducted and proportion integral (PI) regulators are employed in the control, which affects the dynamic performance and the response of the system. Excitation control of the DFIG is studied in [11] . By changing the proportional and integral coefficients of the PI regulator, the LVRT capability is improved within a certain range. However, it can be only applied to slight symmetrical three-phase grid voltage fault. In [12] , the transient characteristics of the electromagnetic variables are analyzed for DFIG under symmetrical grid dips. The generators are controlled to counteract the undesirable effect of the transient DC component in the stator flux linkage, weakening the effect on the rotor and achieving LVRT. It has been demonstrated in [13] that feed-forward transient current control strategy is feasible to reduce the surge of the transient overcurrent on the DFIG. An improved direct power control approach is investigated for asymmetrical grid dips in [14] . The instantaneous active and reactive power of the stator is analyzed and two resonant controllers are utilized to achieve full control of output power and improve the robustness of the control system. Improved direct torque control and direct power control strategies are utilized in [15] . Under asymmetric dips, there is no need to extract the positive and negative sequence components. It has a simple structure and reduces the fluctuations in the power and electromagnetic torque. With predictive current control strategy, the dynamic response of the control system can be improved [16] . The controller has a fast response to the fault and the fault current can be suppressed quickly. Sliding mode control is used for DFIG in [17] and [18] , which is effective in reducing oscillations of electromagnetic torque and reactive power.
In this work, a synchronous flux weakening control strategy with flux linkage prediction is proposed for DFIG. It considers the deadbeat predictive control strategy combined with a weakening flux control of the DFIG. In normal operation, a proportional-resonant (PR) control strategy based on two-phase stationary reference frame is applied to simplify coordinates transformation. During grid voltage drops, the control system is switched and the proposed control strategy is utilized. Firstly, the transient variation of the stator and rotor flux is investigated during grid faults. Then, to obtain the optimal referenced rotor flux, the relationship between the stator flux and rotor flux is deduced in two-phase stationary reference frame. At the moment of fault, with the fast prediction and quick response of the deadbeat controllers, the stator flux can be tracked by the rotor flux rapidly, which eliminates the impact of the stator flux on the rotor flux and weakens the fault current shock of the stator and the rotor. More stable electromagnetic torque is realized and the LVRT capability of DFIG is improved.
II. DFIG MODEL
The block diagram of the DFIG is illustrated in Fig. 1 . The stator of the DFIG is directly connected to the grid while the rotor is excited by the double PWM back-to-back converters to ensure bi-directional energy flow. As can be seen from Fig. 1 , the double PWM back-toback converters consist of rotor side converter(RSC) and grid side converter (GSC). The RSC is connected to the rotor to regulate the active and reactive power at the stator side while the GSC is connected to the grid by transformer to achieve power feedback to the grid and to ensure unity power factor. Fig. 2 is the equivalent circuit of the DFIG in a two-phase stationary reference frame. The mathematical equations of the stator and rotor voltage and flux for a DFIG in the two-phase stationary reference frame can be described as
where U sαβ and U rαβ are the stator and rotor voltage, R s and R r are the stator and rotor resistance, I sαβ and I rαβ are the stator and rotor current, sαβ and rαβ are the stator and rotor flux, L s , L r and L m , are the self-inductance of the stator and rotor and the mutual inductance,
, L ls and L lr are the stator leakage inductance and rotor leakage inductance, ω r is the angular speed of the rotor and p is the differential operator. The instantaneous active and reactive power output from the stator to the grid can be expressed as
where P s and Q s are stator active and reactive power, u sα and u sβ are α-axis and β-axis components of the stator voltage in the αβ reference frame, i sα and i sβ are α-axis and β-axis components of the stator current. The electromagnetic torque of the DFIG can be described as
where T e stands for the electromagnetic torque, n p is the number of pole pairs, sα and sβ are α-axis and β-axis components of the stator flux in the αβ reference frame, respectively. Based on Eq. (1) and Eq. (2), the rotor voltage of the DFIG can be further expressed as
where σ is the leakage coefficient and
. Under normal operation, the α-axis and the β-axis components of the rotor current is regulated by the PR controller in the two-phase stationary reference frame as given in [19] and [20] . According to the PR control strategy, the rotor voltage can be designed as
where
and where U * rαβ is voltage reference of the RSC, k ip , k ir and ω ic are proportion, resonant and attenuation coefficient respectively, C PR (s) stands for the PR controller, ω e is the angular frequency of the grid voltage, I * rαβ is rotor current reference. Fig. 3 shows the magnetic circuit of the stator and rotor for the DFIG under the normal operation and the grid dips respectively.
III. SYNCHRONOUS FLUX WEAKENING CONTROL STRATEGY WITH FLUX LINKAGE PREDICTION A. CHARACTERISTIC ANALYSIS OF DFIG UNDER GRID VOLTAGE DIPS
It can be seen from Fig. 3 that the magnetic circuit changes in case of grid dips. In normal operation, the armature magnetic field ms and the magnetic field excitation mr come across the air gap through the main magnetic circuit and the stator is linked with rotor windings. Under grid dips, ms comes across the rotor magnetic leakage circuits without crossing the rotor windings and mr comes across the stator magnetic leakage circuits without crossing the stator windings. The self-inductance of the stator and rotor is dependent on the magnetic circuit in the stator and rotor windings, which further affects the stator and rotor flux. However, transient change in the stator and rotor flux will result in higher transient current.
In the condition of grid voltage dips, the stator voltage sages which in turn causes transient DC and negative sequence components appear in the stator flux. A larger fault current occurs in the rotor. The stator flux in the two-phase stationary reference frame can be described as
where the subscripts s, αβ, +, -and DC represent the stator flux, stationary αβ axis, positive sequence component, negative sequence component and DC component, respectively; τ s stands for the attenuation time constant of the DC component; ϕ + and ϕ − stand for the initial phase angles of the positive and negative sequence component of stator flux.
B. THE PROPOSED CONTROL STRATEGY
As strong coupling exists between the stator and the rotor, the DC and negative sequence components in the stator flux induce overcurrent in the rotor. Therefore, the interaction between the stator and rotor flux must be reduced during the grid dips. In this work, the rotor flux is controlled to be synchronized with the stator flux and the interaction between the stator and rotor flux is weakened. According to Eq. (2), the stator current can be calculated as
Assuming L s /L m ≈ 1, the rotor current can be given as
From Eq. (9) and Eq. (10), it can be observed that the variation of the stator and rotor flux is related to the stator and rotor current. Thus, the stator and rotor overcurrent can be effectively suppressed when the stator and the rotor flux change synchronously at the instant of the grid dips. The relationship between the stator and rotor flux can be established as
where M is a propotional variation. The rotor current can be obtained by substituting Eq. (11) into Eq. (10) as
Substitute Eq. (11) into Eq. (9), M can be computed as
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As can be seen from Fig. 4(a) , when the symmetrical grid voltage dips occurs, M has a larger oscillation at first and gradually returns to the normal state. As can be seen from Fig. 4(b) , when the asymmetrical dips occurs, M has a smaller oscillation while M keeps in a fluctuation state.
In order to eliminate the interaction between the stator and the rotor flux, the rotor flux is controlled to be synchronized with the stator flux by Eq. (11). The rotor voltage in Eq. (1) can be described in the two-phase stationary reference frame as u rα = R r i rα + p rα + ω r rβ u rβ = R r i rβ + p rβ − ω r rα (14) Eq. (14) can be discretized to obtain the output voltage in the deadbeat predictive control as
where T s is the sampling period, k+1 andkare the sampling time.
At the kth sampling time, the variables in Eq. (15) are sampled, where the rotor flux at the (k+1)th sampling time is replaced by the referenced value. The rotor flux reference is as follows * rαβ = M sαβ (16) where superscript * represents the referenced value. Based on the deadbeat predictive control of the rotor flux, the actual rotor flux is able to track the referenced value and synchronous flux weakening control is realized. Fig. 5 is the block diagram of the proposed synchronous flux weakening control with flux linkage prediction for DFIG. The stator current I sabc and the rotor current I rabc are firstly detected. After coordinate transformation, the stator current i sα , i sβ and the rotor current i rα , i rβ are obtained in the two-phase stationary reference frame. Based on the selfinductance of the stator and the rotor and the mutual inductance, the stator flux sα , sβ and the rotor flux rα , rβ are calculated, which will be controlled by the synchronous flux weakening control. In other words, the rotor flux reference * rα and * rβ is calculated and referred as the input of the deadbeat predictive control. In this way, the rotor voltage in two-phase stationary reference frame can be obtained and three-phase rotor voltage is acquired through coordinate transformation. Finally, the control signal of the RSC is generated through PWM modulation.
C. STABILITY ANALYSIS
Under grid voltage dips, The higher transient overcurrent in the stator and rotor causes magnetic saturation and inductance mismatch, leading to instability of the deadbeat predictive control [21] . In Eq. (15), ω r is much smaller than 1/T s where T s = 5e-5. Therefore, the rotor actual voltage on α-axis can be simplified as (17) With the proposed control strategy, the deadbeat predictive controller could be realized by
The rotor flux in Eq. (2) can be described in two-phase stationary reference frame as (19) where sα and sβ are the α-axis and β-axis components of the stator flux, i rα and i rβ are the α-axis and β-axis components of the rotor current.
It can be seen from the Eq. (19) that inductance mismatch leads to rotor flux mismatch. In addition, the rotor resistance also varies with the temperature of the generator.
In order to study the impact of the parameters on the system stability, weighting factors a and b are added to the α-axis component of the rotor flux and to the rotor resistance, respectively. The rotor flux and the resistance can then be obtained as
where the superscript m denotes the variable in the deadbeat predictive control. According to characteristics of the inductance and the resistance of the generator, the flux and the resistance changes to a certain extent. In the deadbeat predictive control, the control performance is closely related to the difference between the rotor flux at the (k + 1)th sampling time and that at the kth sampling time. Therefore, a weighting factor c is added and the rotor voltage on α-axis can be described as
Substituting Eq. (21) into Eq. (17), it can be obtained as
In Eq. (22), the second term at the right of the equation is very small and can be neglected. The discrete transfer function of the Eq. (21) is given as
According to Eq. (23), Eq. (18) is stable only when a and c satisfy
In conclusion, the rotor flux is within a certain range of error and a stable deadbeat predictive control system is attained. Fig. 6 shows the relationship between characteristic roots Q z of Eq. (23) and the weighting factors a and c. When the weight factors change, the scope of the characteristic root is analyzed to determine the stability of the system. The results show that the system is stable. When the weight factors a and c change, the characteristic roots Q z are in the range of -1 to 1.
IV. RESULTS AND DISCUSSIONS
To validate the proposed control strategy, the performance of the DFIG with a 1.5-MW is investigated under grid voltage dips. Besides, comparisons are carried out between the PR control strategy for LVRT used in [19] and the proposed method. The main parameters of the DFIG system are given in Table 1 . When a 80% symmetrical dips occurs at the instant of t = 0.3 s, Fig. 7 shows the performance of the DFIG operated with the PR control strategy and the proposed control strategy respectively.
In Fig. 7(b) , the electromagnetic torque fluctuates in the vicinity of zero and the impact on mechanical system is reduced, which enhances the LVRT ability of the DFIG under the grid dips. The stator and the rotor currents are controlled to be within their maximum allowed. Compared with Fig. 7(a) , it can be observed that the proposed control strategy is more effective than the PR method when applied to eliminate the stator and rotor overcurrents and reduce oscillations of electromagnetic torque. Both of the two control strategies have an increase in rotor speed.
When a 60% single-phase dips occurs at the instant of t = 0.3 s, Fig. 8 shows the performance of DFIG operated with the PR control strategy and with the proposed control strategy respectively.
Comparing Fig. 8(a) and Fig. 8(b) , it can be seen that the fluctuation of the electromagnetic torque is smaller when using the proposed control strategy which decreases the mechanical stress on the turbine system. The rotor fault current is effectively suppressed due to the weak interaction between the stator and rotor flux. Besides, the stator active power fluctuates around zero and its impact on the grid is reduced. In order to verify the effectiveness of the proposed control strategy, Fig. 9 shows the dynamic responses of the DFIG system with the PR control strategy and with the proposed control strategy during multiple grid dips respectively. A 60% single-phase dips occurs at the instant of t = 0.2 s and a 80% symmetrical dips occurs at the instant of t = 0.4 s. In Fig. 9(a) , the electromagnetic torque has a large fluctuation when asymmetrical dips changes to symmetrical dips. Besides, the stator and rotor fault currents are further increased which leads to the deteriation of the RSC. The fluctuations of the stator active/reactive power are still obvious. However, in Fig, 9(b) , the the electromagnetic torque has a smaller fluctuation when asymmetrical dips changes to symmetrical dips. The stator and rotor fault currents are controlled within maximum value of the RSC rating so the DFIG can ride through faults using the proposed control scheme. Furthermore, the stator active/reactive power becomes smaller and smaller which ensure the performance of the grid. Fig. 10 shows the maximum rotor dips currents under the condition of different grid voltage dips. n d is the degree of symmetrical three-phase grid voltage dips, s is slip ratio of the DFIG and I rmax is the maximum value of the rotor current.
As can be seen from Fig. 10 , for the same slip ratio, when the symmetrical dips vary from 30% to 80%, the rotor current is controlled within the twice of the maximum current. Meantime, for the same drops, when the DFIG is operated at different slip ratios, the rotor current is controlled to be within the twice of the maximum current. Therefore, the proposed control strategy has improved LVRT ability.
V. CONCLUSION
In this study, a synchronous flux weakening control with flux linkage prediction is proposed for the doubly-fed WPGS. In the conditions of the symmetric and asymmetric dips, the deadbeat predictive control of the rotor flux is applied in order to realize synchronous flux weakening control of the stator and the rotor flux quickly. It suppresses the overcurrent caused by the interaction between the stator and the rotor, improving the stability margin and LVRT capability under the grid dips. The results show that the proposed control strategy has several advantages: 1) it is simple in the control structure and is easy to implement; 2) when a 80% symmetrical dips or a 60% single-phase dips occurs, moreover, including multiple dips, the stator and rotor currents can be controlled to be within the twice of the maximum current, weakening the impact on the transient overcurrent of the wind power system; 3) It is effective in eliminating the impact of the stator flux on the rotor flux, with a smaller fluctuation in the electromagnetic torque and reducing the mechanical shock of the grid dips on the generator. YAYING LU received the B.E. degree from Henan Normal University, China, in 2013, where she is currently pursuing the M.E. degree with the Department of Electronic and Electrical Engineering. Her current research interest is application of power electronics in renewable-energy conversion.
